We propose and analyze a possible implementation of Maxwell's demon (MD) based on a single-electron pump. It presents a practical realization of MD in a solid-state environment. We show that measurements of the charge states of the pump and feedback control of the gate voltages lead to a net flow of electrons against the bias voltage ideally with no work done on the system by the gate control. The information obtained in the measurements converts thermal fluctuations into energy stored in a capacitor. We derive the conditions on the detector back action and measurement time necessary for implementing this conversion.
I. INTRODUCTION
Work, heat, and reversibility are topics of intense current interest in driven small systems, where fluctuations play an important role. Instead of familiar inequalities of macroscopic thermodynamic quantities, equalities have been formulated to describe ensemble averages of work and free-energyrelated quantities even in far-from-equilibrium situations. [1] [2] [3] Moreover, it has been demonstrated that in certain systems, it is possible to realize experimentally Maxwell's demon, 4 the process in which the information of an observer is used to convert the energy of thermal fluctuations into free energy without performing work on the system. [5] [6] [7] [8] Qualitatively, such a conversion inverts the information-energy relation in the Landauer principle 9 which equates the erasure of information to generation of heat.
Single-electron tunneling (SET) devices which manipulate individual electrons in structures of metallic tunnel junctions 10 have several general advantages for studying nanoscale thermodynamics. These include the simplicity of the basic dynamics which is understood theoretically to a very good precision, a large degree of experimental control that allows one to design and implement various possible structures, and a close connection to practical information processing. In this paper, we demonstrate that a single-electron pump, monitored by a charge detector which can resolve individual electrons, can be adapted to act as Maxwell's demon, i.e., an informationto-energy converter. We show that in the limit of infinitely fast and error-free detection, the pump can become an ideal energy extractor. This limit can be approached experimentally by lowering the electron tunneling rates in the pump, e.g., by employing hybrid normal-metal-insulator-superconductor (NIS) junctions.
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Away from the ideal limit, the rate and efficiency, with which such an SET demon extracts free energy from thermal fluctuations, depend critically on the detector characteristics: they include the measurement time which is determined by the detector sensitivity and its output noise and defines the information acquisition rate, and the back-action noise of the detector which should be sufficiently weak to ensure that the demon utilizes only the energy of the thermal fluctuations. The quantitative limitations on the detector obtained below for the demon operation are less stringent than for the quantumlimited detection, the fact that makes realistic the prospect of experimental realization of Maxwell's demon in the SET configuration.
II. SINGLE-ELECTRON PUMP
The physical system we consider is the three-junction single-electron pump 11 shown in Fig. 1 . Here, three tunnel junctions define the internal islands of the structure. Each junction has a tunnel resistance R T and capacitance C, and the circuit is controlled by gate voltages V gi on the capacitance C g , at islands i = 1,2. The main part of our discussion is independent of whether the junction electrodes are normal or superconducting. In particular, as shown below, the pump that is most promising for experimental demonstration of the demon should be based on the NIS junctions. The pump is biased by the voltage V . Although the precise nature of the voltage source is not important, to be specific, we adopt the model of the source as a large capacitor C 0 C,C g with a large charge eN on it, creating the voltage V = eN/C 0 across the pump, where e is the electron charge. We consider the limit C 0 ,N → ∞, when the voltage V is independent of the number of electrons n transferred through the pump and the numbers n i of electrons on the islands i = 1,2.
The pump operation requires the gate voltages V gi to be time dependent. This makes it convenient to separate the electrostatic energy U of the system into the gate-voltageindependent part U 0 which includes the usual bare charging energy of the pump capacitors and the energy of the charges n,n 1 ,n 2 due to the voltage V , and the gate-voltage-dependent bias energy U g , so that U = U 0 + U g . In the assumed regime of small gate capacitances, C C g , we have
where E C ≡ e 2 /3C and n gi ≡ C g V gi /e. Below, we focus on the low-temperature regime, k B T E C , and gate voltage range such that only three possible charge states on the islands, (n 1 ,n 2 ) = (0,0),(1,0),(0,1), can be eN, N 1, on a large capacitor C 0 . The timedependent gate voltages V g1 ,V g2 can move electrons even against the bias from right to left. The number n counts the electrons transferred through the pump. Electron numbers n 1 ,n 2 on the internal islands of the pump can be monitored by a charge detector (not shown) with subelectron resolution, e.g., by a single-electron transistor. occupied in practice. The possible changes of the electrostatic energy U in the electron transitions are given then by
Here, the subscript k,± refers to tunneling between the three charge states through the kth junction from the left end in 
FIG. 2. Stability diagram of the pump, and the demon operation cycle. The black solid lines crossing at n g1 = n g2 = 1/3 separate the stable charge configurations (0,0),(1,0), and (0,1) of the pump at V = 0. The dashed lines that form a triangle encircling n g1 = n g2 = 1/3 are the corresponding borders for V = 0.3E C . Inside this triangle there are no stable charge states, and current runs along the bias. The arrows indicate a possible trajectory of the demon operation which converts information into free energy.
For V = 0, these borders intersect at the triple point (n g1 ,n g2 ) = (1/3,1/3), where all three states have the same energy, or they form a triangle around this point for V = 0; see Fig. 2 . The standard pumping is obtained 12 by changing the gate voltages adiabatically along a trajectory that encircles this triangle.
III. THERMODYNAMICS OF THE PUMP
Thermodynamic properties of the pump follow from the remark that the energy changes U k,± in Eq. (3) give directly the amount of heat Q k,± dissipated in the electrodes in each electron transition, 7 Q k,± = − U k,± . (The sign change accounts for the natural convention that decreasing energy generates positive heat.) Summing these changes over all electron transitions and adding the change of energy U between the transition due to the time evolution of U g [Eq.
(2)], we obtain the total change U over some trajectory of the pump dynamics as
where Q is the total heat generated in the evolution. Subtracting the total change U g from both sides of this equation, we obtain the first-law-of-thermodynamics relation for the pump:
Here, the second term on the right coincides with the regular expression for the electrostatic work W done by the changing gate voltages. Similarly, the second term in Eq. (5) is sometimes used to define the thermodynamic work 13 convenient in the discussions of the nonequilibrium fluctuation relations. 2, 3 Since the charges n i change by discrete jumps, the work W in Eq. (6) reduces to the sum over the times t j of these jumps:
where δn i = ±1 refer to the changes of n i at the time t j .
We will mostly consider closed cycles of pump evolution, when the gate charges n gi and the island charges n i return to their initial values at the end of the cycle, and the only overall change is in the number n of transferred electrons: δn = ±1 for the elementary cycle, depending on the pumping direction, which gives U 0 = ±eV from Eq. (1). Since k B T E C , we may consider only the cycles that start and end in one certain charge configuration, so that the entropy in the charge degree of freedom of the pump vanishes, and the free energy F coincides with the internal energy U 0 yielding F = U 0 . Using Eq. (6) we get for pumping against the bias
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i.e., the work done by the gates in one cycle is partly dissipated into heat and partly increases the free energy of the pump by charging the capacitor C 0 .
IV. ADIABATIC ELECTRON PUMPING
As an application of Eq. (8), we first consider the usual slow pumping, for which there is no need to extract information on the system. Because of the randomness of the tunneling events, the heat Q, and therefore the work done by the gates, fluctuate from cycle to cycle. The statistics of Q and W over the cycles can be determined from the statistics of dissipated heat in the individual SET transitions from one charge state to the next in the cycle. Quantitatively, this statistics depends on the electron tunneling rates k,± for the transitions between the charge states in Eq. (3), which, in the case of the pump made of normal-metal conductors with a constant density of states, are given by the standard expression
In the limit of a slow evolution, the distribution of heat in the individual SET transitions in this case is known to be Gaussian. 7 The sum of the Gaussian distributions in the three transitions of one cycle results in the Gaussian distribution of the total heat Q, with the average Q and the width σ Q of the distribution related in the same way as for the individual transitions, σ 2 Q = 2k B T Q . 7 The average Q depends on the rates η k of the change of energies U k,± in Eq. (3) at the time when the gate voltage trajectory crosses the border between the charge states corresponding to the transition in the kth junction ( Fig. 2) 
For instance, in a typical case of harmonic variation of gate voltages with frequency ω and amplitude V g , we have n g1 (t) = 1/3 + (C g V g /e) cos(ωt), n g2 (t) = 1/3 − (C g V g /e) sin(ωt), and for eV E C ,
Thus, for ω → 0, the generated heat vanishes in every pumping cycle, and W = eV , i.e., the work done by the gates on the tunneling electrons to pump them against the bias equals the change in free energy.
V. DEMON PUMPING
Let us consider next the demon-type operation, in which electrons flow against the bias with no net work done by the gate voltages, W = 0. As follows from Eq. (8), in this regime, F = eV = −Q, i.e., Q < 0, and the energy is extracted from thermal fluctuations. This is achieved by a detector that can observe transitions in the pump.
A possible operation cycle of the demon is described on the stability diagram in Fig. 2 by the triangle of arrows. First, set n g1 = 0,n g2 = 1/2, i.e., the degeneracy point at V = 0 for the charge states (0,0) and (0,1), and take (0,0) to be the initial state of the cycle. Comparison of the two energy differences in Eq. (3) at these gate voltages, U 1,+ = E C /2 − eV /3 and U 3,− = eV /3, shows that for E C 4eV /3 ∼ k B T the system will make with dominant probability a fluctuationinduced transition into the state (0,1) (against the bias) and not to (1,0) (along the bias). As soon as the transition to (0,1) occurs, the detector registers it and the gate voltages shift quickly to the position n g1 = n g2 = 1/2. Similar arguments as above show that at these values of the gate voltages, with dominant probability, the system makes the transition to state (1,0). Once the transition is observed, the gates are moved quickly to n g1 = 1/2,n g2 = 0, and when the next dominant transition to (0,0) occurs and is registered, the gates move back to the initial positions n g1 = 0,n g2 = 1/2, completing the cycle. Equation (7) can be used to show that the total work done in this process vanishes, W = 0. (The work in the first and last transitions sum up to zero and vanishes for the middle transition.) However, the tunneling electron charges the capacitor C 0 , increasing the free energy of the pump by F = eV in the closed cycle with the energy coming from thermal fluctuations, Q = −eV < 0. The average generated power by the demon is P = (eV /3) (eV /3). As usual for general Maxwell's demon operation, 4 this generation of power directly from thermal fluctuations does not violate the second law of thermodynamics because of the entropy produced by the information erasure in the detector.
In this first discussion of the SET implementation of Maxwell's demon, we focus on the thermodynamic processes in the pump itself, without taking into account the energy dissipation in the control and measurement circuits. Development of the reversible versions of these circuits which dissipate the thermodynamical minimum of energy represent a separate future line of research.
VI. DETECTION SPEED AND BACK ACTION
Even without the question of energy dissipation in the measurement and feedback control circuits, they represent the central element of the demon operation described above. On one hand, the measurement and feedback control sequence needs to be much faster than the electron tunneling rates. On the other hand, the back action of the detector to the system has to be low enough.
The typical charge detectors used in mesoscopic structures, like the SET pump here, are based on either the SET transistors 10 or quantum point contacts.
14 Both types of detectors convert the input charge signal q of a subelectron magnitude into the output signal of the dc current I , effectively amplifying the input. For weak detector coupling to the pump, the conversion process is linear and can be characterized by the linear-response coefficient λ = ∂I/∂q. General statistical mechanics of the detectors shows that the measurement is unavoidably accompanied by the output current noise with some spectral density S I and the back-action noise S V of the potential of the island coupled to the detector, since the spectral densities are limited from below by what is effectively the Heisenberg uncertainty relation, S I S V (hλ/4π ) 2 (see, e.g., Ref. 15). Both spectral densities are constant below a cutoff frequency ω C of the classical part of the noise. We focus the subsequent discussion on the case of SET electrometers, although qualitatively, the same considerations apply to measurements by quantum point contacts. The charges on the two islands should be either monitored by two independent detectors or by a single detector coupled asymmetrically to both islands. Here, the individual detector 245448-3 parameters can be different, but the equations below still apply to the detection process of each individual transition.
The main effect of the back-action noise S V of the potential is the transfer of energy to electrons tunneling in the pump, stimulating the tunneling rate. Quantitatively, this effect can be described as decoherence of the voltage drop across the tunnel junction. The white noise S V produces the simplest exponential decoherence with the rate γ = πe 2 S V /h 2 . In the usual description of the rate of electron tunneling between two normal-metal electrodes, this decoherence gives the Lorentzian line shape of the tunneling:
where f ( ) is the Fermi distribution of electrons in the electrodes, and γ ≡hγ . In operating Maxwell's demon, one would be interested in extracting energy from thermal fluctuations, and not from the detector noise. Thus it is important to keep the effects of noise small. For small but finite γ , evaluating the tunneling rate, one obtains = 
The cutoff frequency 1/τ of the output detector noise S I is typically much smaller than the intrinsic cutoff ω C because of the finite bandwidth of the information carrying wiring. For instance, a standard dc coupled SET electrometer has a bandwidth of about 1 kHz. 11 (In principle, it can be improved to the megahertz range with an rf-SET electrometer. 16 ) Together with S I , the cutoff 1/τ determines the accuracy of the detection of the measured charge state. Assuming the usual Lorentzian line shape of the spectrum,
2 ], we estimate the magnitude of the output current noise as σ ≡ Ĩ 2 = πS I (0)/τ . Distinguishing the two values of the output current that correspond to the two charge states, an electron on or off the island, that differ by I = eλ, in the presence of this noise can be achieved only with a finite probability p of a mistake. The output current noise is produced by many tunneling electrons in the transistor and is therefore Gaussian. This implies
. The condition that mistakes in the charge detection are negligible imposes the following constraint:
Since the detector makes the choice of two options, an electron on or off the island, the amount of usable information obtained in measurement of each transition is roughly given by ln 2, while the energy extracted is eV /3 k B T . We see that the SET demon has qualitatively the same informationenergy relation as in the standard Landauer principle, 9 with one bit of information corresponding roughly to k B T of energy gain. We note again that, as briefly mentioned above, the discussed practical detector itself dissipates much more energy than the energy gained in the demon operation process; however, this energy is dissipated outside the pump.
VII. PHYSICAL REALIZATION OF THE PUMP
If the condition (10) is satisfied, the time required to detect the change in the charge state of the pump is given directly by τ . The operation of Maxwell's demon described above assumed that electron transition is detected, and the gate voltages are changed before the electron has a chance to tunnel back, i.e., τ −1 , where is the rate of such reverse tunneling. This tunneling is driven by the energy change eV /3, so that ∼ V /(eR T ) for the normal-metal pump. The conditions (9), (10), and τ −1 are compatible with the Heisenberg relation for detectors, S I S V /λ 2 (h/4π ) 2 , provided thath k B T , and thus they can be satisfied with the detector far from being quantum limited (which satisfies Heisenberg relation as an equality). Practical limitations on the detector bandwidth, however, imply that these conditions cannot be satisfied with usual normal-metal pumps.
Typically E C /e 100 μV, and in order to exploit this available energy, one would like to set V ∼ 100 μV, which would be reasonably larger than k B T at the typical working temperature of about 100 mK for such a device. Even if the detector is fast, τ ∼ 1 μs, to satisfy condition τ −1 we need to have R T V τ/e ∼ 1 G , which is impractically large. This problem can be resolved by employing superconducting and normal-metal electrodes at each junction of the pump, i.e., creating NIS junctions. 11 In this case, 17 the rates at eV /3
, where is the superconducting gap, are suppressed exponentially from those of the normal state junctions, and it is easy to satisfy τ −1 with R T ∼ 1 M , e.g., at the temperature of 100 mK. 18 The condition on the negligible back action is also satisfied more easily in this case by makinghω C , so that the back-action noise does not excite tunneling. Simple estimates of λ and S I for the SET transistor show that Eq. (10) can also be satisfied by taking the tunneling rates D in it and its coupling capacitance C 0 to the pump such that D τ (C 0 /C) 2 8π . With the discussed pump parameters, the power generated by the demon is limited to P 10 aW, and is hardly observable directly, but only indirectly by measuring the collected charge at the bias capacitor C 0 .
VIII. CONCLUSIONS
In conclusion, we have designed a practical scheme to realize Maxwell's demon based on a single-electron pump and charge detectors. We derived conditions that the pump and detectors should satisfy for the demon operation. The pumps based on the NIS junctions, i.e., with superconducting and normal-metal electrodes at each junction, seem to provide an experimentally feasible device to satisfy these conditions.
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